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The M1 and M2 strains of brome mosaic virus (BMV) both systemically infect the monocot host barley, but only the M2
strain systemically infects the dicot cowpea line TVu-612. We have shown previously that this difference in host range maps
primarily to RNA3. To further characterize the role of RNA3 in host specificity, a series of RNA3 hybrids were tested, in
inoculations with M1 RNA1 and RNA2, for ability to systemically infect TVu-612 cowpea. Although all hybrids were amplified
well in cowpea protoplasts and all supported systemic infection in barley plants, only those with the 3a cell-to-cell movement
gene of BMV-M2 supported systemic infection of cowpea. The sequences of the M1 and M2 3a proteins differ at four
positions. Introducing these four coding differences individually or in various combinations into M1 RNA3 revealed that all
four influenced BMV adaptation to cowpea and that these four differences were sufficient to account for the difference in
ability between M1 and M2 RNA3s to support systemic infection of this legume. These coding changes were also associated
with faster spread of infection in inoculated cowpea leaves, suggesting that they influence the ability to systemically infect
TVu-612 cowpea through effects on the rate of cell-to-cell spread. q 1995 Academic Press, Inc.
INTRODUCTION it is known that 3a shares sequence similarity (Koonin
et al., 1991) with other viral proteins that localize to cell
To systemically infect a plant, a virus must be able to
walls (Stussi-Garaud et al., 1987), increase the exclusion
multiply its genome, spread short distances from cell-
limit of plasmodesmata (Poirson et al., 1993; Vaquero et
to-cell, and move long distances through the vascular
al., 1994; Ding et al., 1995), and cooperatively bind single-system. Each of these processes depends on the contri-
stranded nucleic acids in vitro (Osman et al., 1993; Gies-butions of one or more viral gene products and, since
man-Cookmeyer and Lommel, 1993; Schoumacher et al.,no virus can systemically infect all hosts, at least some
1994). The process of long-distance movement to nonin-of these processes must depend on proper interaction
oculated leaves also is not well understood. For BMV,with host components. Because many viruses can multi-
the coat protein may need to encapsidate viral RNAs forply their genomes in isolated protoplasts of plant species
leaf-to-leaf transport, as deletion of the N-terminal 25that they cannot infect systemically (Atabekov and Dorok-
amino acids of the coat protein does not reduce coathov, 1984; Hull, 1989), plant viral host range may often
protein accumulation, but does prevent encapsidationbe determined at the level of infection spread.
and systemic infection (Sacher and Ahlquist, 1989).Brome mosaic virus (BMV) is an icosahedral virus with
Full-length cDNA clones, from which infectious tran-a three-component, messenger-sense RNA genome.
scripts can be synthesized in vitro, have been con-BMV infection spread depends on both the nonstructural
structed for each of the three genomic RNAs of several3a protein and the coat protein, which are encoded by
distinct isolates of BMV. The cDNA-cloned BMV M1genomic RNA3. Large deletions and frameshift mutations
strain (Ahlquist et al., 1984), derived from the Russianin the 3a gene prevent cell-to-cell spread (Allison et al.,
strain of BMV, has a host range typical of most BMV1990; De Jong and Ahlquist, 1992; Mise and Ahlquist,
isolates. BMV-M1 systemically infects grasses such as1995), while similar mutations in the coat gene prevent
barley, but cannot infect the leguminous host cowpea.leaf-to-leaf spread (Sacher and Ahlquist, 1989; Allison et
The cDNA-cloned M2 strain (De Jong and Ahlquist, 1995),al., 1990; Flasinski et al., 1995). How the BMV 3a protein
derived from an Arkansas isolate of BMV, has an un-mediates cell-to-cell spread is not well understood, but
usual, extended host range: in addition to infecting
barley, BMV-M2 can systemically infect cowpea line
1 Present address: The Sainsbury Laboratory, Norwich Research TVu-612.
Park, Norwich, NR4 7UH, UK.
The difference in host range between the BMV M1 and2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (608) 262-7414. M2 strains must reflect one or more differences in crucial
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interaction(s) with host component(s). To determine fines RNA3 of the M2 strain of BMV (De Jong and Ahl-
quist, 1995).which viral components are involved in such interactions,
we previously exchanged genomic RNAs between the
M1 and cowpea-adapted M2 strains and found that all RNA3 hybrid clones
three genomic RNAs influence the ability to infect TVu-
612 cowpea (De Jong and Ahlquist, 1995). The largest Recombinant DNA techniques were performed essen-
tially as described (Ausubel et al., 1987). Plasmidindividual contribution is provided by RNA3, as the pseu-
dorecombinant made by mixing M2 RNA3 plus M1 RNAs pB3WD4 (Fig. 1) was constructed by replacing the small
PstI–BglII restriction fragment of pB3WD3 with an analo-1 and 2 systemically infected half of inoculated TVu-612
plants. Some further adaptation to TVu-612 segregates gous fragment from pB3TP8. pB3WD6 (Fig. 1) was con-
structed by replacing the small PstI–BglII restriction frag-with RNA2, as M2 RNA2 plus M1 RNAs 1 and 3 infected
one quarter of inoculated plants. M2 RNA1 does not inde- ment of pB3TP8 with that of pB3WD3.
pB3TC1 is a derivative of pB3WD3 that bears an engi-pendently influence cowpea infection, as M2 RNA1 plus
M1 RNAs 2 and 3 did not infect any TVu-612 plants. neered BamHI restriction site just 5* of the 3a gene. This
restriction site was introduced by site-directed mutagenesisNevertheless, RNA1 can interact synergistically with
RNA3 to influence host range, as M2 RNAs 1 and 3 plus (Kunkel et al., 1987), using the degenerate oligonucleotide
primer d(ACATCGGGATCCA[A/T]AACAG) to change nucle-M1 RNA2 infected almost all inoculated TVu-612 plants,
duplicating the infection frequency of the full M2 genome. otide 84 from T to G and nucleotide 86 from T to A (se-
quence numbering follows Ahlquist et al., 1981; the 5* endPassaging studies indicated that the ability of many M1/
M2 reassortants to infect a reproducible fraction but not of RNA3 corresponds to position 1). Thus, the sequence
from bases 80 through 94 in pB3TC1 is TTTTGGATCCCG-all inoculated plants reflects stochastic effects other than
selection of further mutations (De Jong and Ahlquist, ATG, where the underlined bases define a BamHI restric-
tion site and the italicized ATG is the first codon of the 3a1995). Such stochastic effects may include variation
among test plants in developmental state, speed of de- gene. Following mutagenesis, to ensure that only the de-
sired changes were introduced into pB3WD3, a restrictionfense responses, etc.
To further analyze the important role of RNA3 and its fragment bearing the desired changes was transferred from
the mutagenized plasmid back into pB3WD3, and then theencoded 3a and coat protein genes in determining the
ability of BMV to infect cowpea line TVu-612, we have transferred fragment was sequenced. Similar precautions
were taken with all other site-directed mutants describednow constructed a series of hybrids between the RNA3s
of BMV-M1 and BMV-M2. We find that the strong influ- below. pB3TC2 is a derivative of pB3WD3 that bears a
novel BglII restriction site just 3* of the 3a gene. This siteence of BMV-M2 RNA3 on TVu-612 infection segregates
with four coding changes in the 3a cell-to-cell movement was introduced using primer d(GTTAGACCAGATCTACCT-
ATTT) to change nucleotide 1007 from A to G and nucleo-gene. These coding changes are associated with faster
local spread in inoculated cowpea leaves, suggesting tide 1011 from C to T. Thus, the sequence from nucleotides
1001 to 1015 in pB3TC2 is TAGGTAGATCTGGTC, wherethat the rate of local infection spread can critically influ-
ence the systemic or nonsystemic outcome of infection the underlined bases define a BglII site and the italicized
TAG is the stop codon of the 3a gene. pB3TC3 containsand thus BMV host range.
both the engineered BamHI and BglII restriction sites and
was constructed by replacing the small AflIII fragment of
MATERIALS AND METHODS
pB3TC2 with a similar fragment from pB3TC1. pB3TC4 (Fig.
1) was constructed by replacing the BamHI–3a–BglII cas-Starting viral clones
sette of pB3TC3 with a similar cassette from pB3TP10,
while pB3TC5 (Fig. 1) was made by replacing the 3a cas-Plasmids pB1TP3, pB2TP5, and pB3TP8 contain full-
length cDNA clones of BMV Russian strain RNAs 1, 2, sette of pB3TP10 with the 3a cassette of pB3TC3.
Plasmids pB3WD30, pB3WD31, and pB3TC8 (Fig. 1)and 3, respectively (Janda et al., 1987). T7 RNA polymer-
ase transcripts synthesized in vitro from these three plas- were derived from pB3TP8 by site-directed mutagenesis,
using oligonucleotide primers d(GCGGGGTTGATTAG-mids are infectious and collectively define the M1 strain
of BMV (Janda et al., 1987; Ahlquist et al., 1984). Plasmid ACT), d(ATACTTGGGTGTAGCCC), and d(TACCTATTT
AATTCTAAGCGAAGGACCGGACACAGGAAGTCCAGpB3TP10 is a derivative of pB3TP8 that bears engineered
BamHI and BglII restriction sites immediately flanking CGA), respectively, while pB3TC6 and pB3TC7 were
derived from pB3TP8 using the degenerate oligonucleo-the 3a gene (Pacha and Ahlquist, 1991). Plasmid pB3WD3
(De Jong and Ahlquist, 1995) contains a full-length cDNA tided (ATTCTAAGCG[A/T]AGGAC[C/T]GGACACAGGA).
pB3WD30 differs from pB3TP8 in having a C instead ofclone to RNA3 from BMV-1, an isolate of BMV that sys-
temically infects cowpea line TVu-612 (Valverde, 1987). G at nucleotide 266; p3WD31 has a C instead of T at
position 332; pB3TC6 has a G instead of A at base 980;The T7 RNA polymerase transcript from pB3WD3 de-
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pB3TC7 has a T instead of A at position 986; and pB3TC8
has G and T at positions 980 and 986 instead of A and
A, respectively. pB3WD32 (Fig. 1), which differs from
pB3TP8 at positions 266 and 332, was constructed by
replacing the small AflIII fragment of pB3WD31 with the
analogous fragment from pB3WD30. pB3WD33 (Fig. 1),
which differs from pB3TP8 at positions 266, 332, 980,
and 986, was constructed by replacing the small PflMI –
BglII fragment of pB3WD32 with a similar fragment from
pB3TC8. pB3WD35 (Fig. 1), which differs from pB3TP8 at
positions 266 and 986, was made by replacing the small
PflMI–BglII fragment of pB3WD30 with the analogous
fragment from pB3TC7. pB3WD38 (Fig. 1), which differs
from pB3TP8 at bases 266, 332, and 980, was made by
replacing the small PflMI–BglII fragment of pB3WD32
with that of pB3TC6. pB3WD39 (Fig. 1), which differs from
pB3TP8 at nucleotides 266, 332, and 986, was con-
structed by replacing the small PflMI–BglII fragment of
pB3WD32 with that of pB3TC7.
Transcripts and progeny of hybrid RNA3s will be re-
ferred to hereafter by the last three or four characters of
the names of the plasmid from which they are derived,
e.g., WD4 will refer to transcripts or progeny RNA from
pB3WD4.
Sequencing pB3TP8 and pB3WD3
The small PstI–BglII fragment of pB3TP8 and pB3WD3
is approximately 1250 bases in length and includes se-
quence corresponding to all of the RNA3 5* noncoding
region, the entire 3a gene, and most of the intercistronic
FIG. 1. Schematic representation of BMV wild-type and hybrid
region, up to the end of the oligo(A) tract (Ahlquist et al.,RNA3s, and summary of their abilities to support systemic infection of
1981). Both strands of this fragment were sequencedcowpea line TVu-612. Open boxes represent the 3a and coat protein
open reading frames, while horizontal lines represent noncoding se- throughout for pB3WD3 and pB3TP8. Most of the se-
quences. Light and dark lines represent RNA3 sequences from the M1 quence information was obtained by sequencing random
strain of BMV (B3M1) and cowpea-adapted M2 strain of BMV (B3M2), subclones of this fragment; sequences not represented
respectively. WD4 and WD6 were constructed by reciprocal exchange
in the subclones were obtained with the aid of oligonu-of restriction fragments around the BglII site shown. TC4 and TC5 were
cleotide primers that annealed at various positionsconstructed by exchanging the 3a open reading frame between B3M1
and B3M2 derivatives in which BamHI and BglII sites had been intro- throughout this fragment.
duced to flank the 3a gene (see Materials and Methods). Four nucleo-
tide differences between B3M1 and B3M2 (see Fig. 4)—at positions 266, Inoculation of whole plants and protoplasts, and
332, 980, and 986—lead to amino acid differences in the BMV-M1 and analysis of progeny
BMV-M2 3a proteins. Each dark vertical bar in B3M1 derivatives WD33,
WD30, WD31, TC6, TC7, WD35, TC8, WD32, WD38, and WD39 repre- Cowpea (Vigna sinensis subsp. unguiculata) line
sents a single base change at one these positions, from the sequence TVu-612 and barley (Hordeum vulgare) ‘‘morex’’ were
of B3M1 to that of B3M2. To test the ability of each RNA3 to support
grown in a growth chamber, as previously describedsystemic infection in cowpea, primary leaves of cowpea seedlings were
(Kroner and Ahlquist, 1992). Relative humidity rangedinoculated with transcripts of BMV-M1 RNAs 1 and 2 and each RNA3.
Systemic infection and relative viral titer in systemically infected leaves from 47 to 63%. The synthesis of capped transcripts
were assessed by dot-blot RNA hybridization analysis of samples from from EcoRI-linearized full-length cDNA clones (Kroner
the first three trifoliate leaves of each plant (see Materials and Meth- and Ahlquist, 1992), preparation of cowpea protoplasts
ods). The results shown are the average of the combined results from
(Mise et al., 1993), inoculation of barley and cowpeathree experiments (for most constructs) or six experiments (for B3M1,
WD32, and WD33), representing a total of 14–32 plants inoculated with
each RNA3 derivative. Similar infection frequencies were obtained in
all experiments with any given RNA3 derivative. A relative titer of 1 to be infected (see Materials and Methods) were used to calculate
corresponds to the average titer in plants systemically infected by B1 relative viral titer. Local lesion sizes were scored 8 days after inocula-
/ B2 / B3M2 (approximately 45 mg of BMV virions per milliliter of tion: /, approximately 1–2 mm in diameter; //, 2–3 mm diameter;
systemically infected leaf homogenate). Note that only plants judged ///, 3–5 mm diameter;0, local lesions not visible.
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plants and protoplasts with transcripts (Ahlquist et al., tested the ability of each hybrid RNA3 to support sys-
temic infection with BMV-M1 RNAs 1 and 2. BMV-M11984; Allison et al., 1988; Kroner and Ahlquist, 1992),
extraction of total RNA from cowpea leaves (Allison et RNAs 1 and 2 were used for testing the hybrid RNA3s so
that the influence of BMV-M2 RNA3 could be examinedal., 1990) and protoplasts (Kroner and Ahlquist, 1992),
isolation of virion RNA from plants (Verduin, 1978), and independently of the contributions from BMV-M2 RNAs
1 and 2. Schematic representations of the RNA3 hybridspress-blotting of half-leaves (Mansky et al., 1990; Mise
et al., 1993) were performed essentially as previously are shown in Fig. 1, together with a summary of the
results from multiple experiments testing their ability todescribed. Radioactively labeled SP6 RNA polymerase
transcripts from pB3HE1 (Pacha and Ahlquist, 1991) support systemic infection in TVu-612 cowpea. For brev-
ity, transcripts and progeny of BMV-M1 genomic RNAsare complementary to the approximately 200 nucleo-
tides conserved at the 3* end of all viral RNAs and 1, 2, and 3 will be referred to as B1, B2, and B3M1, respec-
tively, while BMV-M2 RNA3 will be denoted B3M2. Allwere used to detect BMV-specific RNAs in Northern,
dot-blot, and press-blot analyses. Northern and dot- inoculations described below were performed with tran-
scripts synthesized in vitro from cDNA clones.blot hybridization signals were quantified with a Beta-
gen digital radioactive imaging system.
5* half of RNA3 determines ability to systemicallyThree weeks after inoculation, systemic infection in
infect cowpeacowpea plants was evaluated by dot-blot analysis of
crude leaf homogenates from each of the first three An initial pair of hybrids, WD4 and WD6, was con-
structed by using a naturally occurring BglII restrictiondeveloping trifoliate leaves. Entire trifoliate leaves
were first placed in 10 1 15-cm plastic bags and then site in the intercistronic region to exchange approximate
halves of RNA3. In WD6, the 5* noncoding region, 3asquashed with a hand-held wallpaper seam roller. Leaf
homogenate was poured from the bags into tubes and gene, and most of the intercistronic region derive from
B3M2, while the coat gene and 3* noncoding region derivecentrifuged at 12,000 g for 1 min. A 10-ml sample of
each supernatant was diluted with 100 ml of 3 M so- from B3M1 (Fig. 1). WD4 is the reciprocal hybrid (Fig.
1). To test whether the ability to infect cowpea woulddium chloride – 0.3 M sodium citrate and then a 100-
ml portion of diluted leaf extract was spotted onto a segregate with either half of RNA3, transcripts of WD4
or WD6 together with B1 and B2 were inoculated in re-prewetted nitrocellulose membrane with the aid of a
dot-blot manifold. Known amounts of BMV-M1 virions, peated trials onto primary leaves of cowpea seedlings.
Parallel inoculations with the full set of BMV-M1 tran-mixed with leaf homogenate from healthy cowpea
plants, were also spotted onto each membrane. Nitro- scripts and pseudorecombinant B1 / B2 / B3M2 served
as negative and positive controls for systemic infection,cellulose membranes were baked for 2 hr at 807, hy-
bridized using standard procedures (Ausubel et al., respectively.
Systemic symptoms on TVu-612 cowpea plants inoc-1987), and hybridization signal strength was measured
with the Betagen digital radioactive imaging system. ulated with BMV-M1 or B1 / B2 / B3M2 were similar
to those reported previously (De Jong and Ahlquist,Plants were considered systemically infected if leaf
extract from any of the first three trifoliate leaves gave 1995). Noninoculated leaves of plants inoculated with
BMV-M1 developed no symptoms, while systemica hybridization signal that was twice as high as the
average signal for leaf extract from mock-inoculated leaves on about half of the plants inoculated with B1
/ B2 / B3M2 developed severe chlorotic flecking orplants. To estimate viral titer, all hybridization signals
were also compared to hybridization signals from vein yellowing. The absence or presence of systemic
symptoms correlated with the movement of virus toknown amounts of BMV virions. The latter hybridization
signals were used to construct a standard curve relat- noninoculated leaves: dot-blot hybridization analyses
failed to detect BMV RNAs in noninoculated leaves ofing signal intensity to viral concentration, and then viral
concentration in each infected leaf was determined by plants inoculated with BMV-M1, while 56% of plants
inoculated with B1 / B2 / B3M2 (i.e., those expressinginterpolation from the standard curve. Viral titer for
each infected plant was calculated by averaging the symptoms) contained detectable levels of viral RNA in
systemic leaves (Fig. 1). BMV-M1 and B1 / B2 / B3M2viral concentrations determined for the first three trifo-
liate leaves. also differed with respect to the size and coloration of
local lesions that they elicited on inoculated leaves:
BMV-M1 elicited slowly expanding, red-colored localRESULTS
lesions, while B1 / B2/ B3M2 elicited chlorotic lesions
that eventually developed rapidly expanding red bor-To analyze the major role played by BMV RNA3 in
determining the ability to systemically infect TVu-612 ders (Fig. 1). The segregation of the lesion color and
expansion phenotypes in the RNA3 hybrids is de-cowpea (see Introduction), we constructed a series of
hybrids between BMV M1 and M2 strain RNA3s and scribed separately below.
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tives except WD4, these symptoms of barley infection
were indistinguishable; for WD4, the chlorotic mosaic
symptoms were milder, and the plants slightly less
stunted. Nonetheless, viral RNAs in barley infections
supported by WD4 and all hybrids except TC4 and TC5
(see below) accumulated in systemic leaves to levels
similar to those in infections supported by B3M1 and
B3M2 (Fig. 3), showing that WD4 and the other hybrids
all have similar basic competence for cell-to-cell
spread and long-range movement in barley. In addition,FIG. 2. Representative results of Northern blot analysis of wild-type
since the viral RNAs shown in Fig. 3 were isolated fromand hybrid RNA3 accumulation in protoplasts from cowpea line TVu-
612. Protoplasts were inoculated with buffer (mock) or with transcripts virus particles, all RNA3s (with the possible exception
of B1 and B2 and the RNA3 indicated above each lane. The left panel of TC4 and TC5) are packaged with similar efficiencies.
shows viral RNA accumulation in protoplasts inoculated with B3M1, Subgenomic RNA4, which codes for the coat protein,B3M2, or hybrids WD4, WD6, TC4, TC5, and WD33, while the right panel
also accumulated to similar levels for all RNA3s inagain shows viral accumulation in protoplasts inoculated with B3M1
TVu-612 protoplasts and (except for TC4 and TC5) inand B3M2 for comparison and also shows viral RNA accumulation for
the remaining hybrids WD30, WD31, TC6, TC7, WD32, WD35, TC8, noninoculated leaves of barley plants (Figs. 2 and 3).
WD38, and WD39, as determined in a separate experiment. Total nu- The higher levels of RNA4 accumulation observed in
cleic acids were isolated from protoplasts 22 hr after inoculation, glyox- Fig. 2 for some constructs, like TC7 and WD38, werealated, electrophoresed through a 1% agarose gel, and then transferred
not reproducible.to a nylon membrane. BMV RNAs were detected by hybridizing to a 32P-
labeled transcript complementary to the approximately 200 conserved
bases at the 3* end of all BMV RNAs and then exposing the membranes Sequence differences between 5* halves of B3M1
to film. The positions of BMV genomic RNAs 1, 2, and 3 and subgenomic and B3M2
RNA4 are shown to the left.
Because hybrid WD6 duplicated the TVu-612 infection
frequency of B3M2, differences in the 5* 1.2 kb of B3M2Like BMV-M1, B1 / B2 / WD4 also elicited no sys-
and B3M1 (bounded by the BglII site used to constructtemic symptoms, and viral RNA was not detected in
WD6; see Fig. 1) are sufficient to account for the contribu-noninoculated leaves (Fig. 1). However, for B1 / B2
tion of B3M2 to TVu-612 systemic infection. To explore/ WD6, viral RNA was detected in the noninoculated
these differences further, the 5* 1.2 kb of the B3M1 andleaves of 56% of inoculated plants (Fig. 1), the same
B3M2 cDNA clones were sequenced. The 5* 1.2 kb ofproportion that became infected with B1 / B2 / B3M2.
the B3M1 cDNA clone showed no differences from theSystemic symptoms induced by B1 / B2 / WD6 infec-
published sequence for RNA3 of the Russian strain oftion were similar to those of B1 / B2 / B3M2 as well.
BMV (Ahlquist et al., 1981). The 5* 1.2 kb of the B3M2The average viral RNA titer in systemically infected
cDNA clone contained 13 nucleotide differences fromleaves from WD6-infected plants was about twice that
of B3M2-infected plants, as determined by dot-blot
analysis of samples from each of the first three nonin-
oculated trifoliate leaves 3 weeks after inoculation
(Fig. 1).
Curiously, although BMV-M1, B1 / B2 / B3M2, and
B1 / B2 / WD6 all elicited local symptoms, B1 / B2
/ WD4 did not (Fig. 1). To test WD4 for a possible
replication defect, TVu-612 cowpea protoplasts and
whole barley plants were inoculated with B1 / B2 /
WD4. Similar inoculations were also performed with
all of the other RNA3s shown in Fig. 1. Representative
FIG. 3. Ethidium bromide-stained gel showing accumulation of viralresults for all constructs are shown in Figs. 2 and 3.
RNAs in noninoculated leaves of barley in infections supported by wild-
As shown in Fig. 2, WD4 accumulated to levels similar type and hybrid RNA3s. Seven-day-old barley seedlings were inocu-
to B3M1 and B3M2 in TVu-612 protoplasts, as did all the lated with buffer (mock) or with transcripts of B1 and B2 and the RNA3
indicated above each lane. Two weeks after inoculation, virions wereother RNA3 hybrids, demonstrating that WD4 and all
extracted from noninoculated leaves, and then viral RNA was isolatedthe other RNA3 hybrids are good templates for RNA
from the virions. Viral RNA was electrophoresed through a 1% agaroseamplification in cowpea cells. In barley plants, WD4
gel, stained with ethidium bromide, visualized under ultraviolet illumina-
and all other RNA3 hybrids induced systemic chlorotic tion, and photographed. Each lane shows the viral RNA obtained from
mosaic symptoms and stunting in 90 to 100% of inocu- 2.5 mg of barley tissue. The positions of BMV genomic RNAs 1, 2, and
3 and subgenomic RNA4 are shown to the left.lated plants. For M1 RNA3, M2 RNA3, and all deriva-
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sible for differences in systemic infection of cowpea, or
whether differences in noncoding regions also contrib-
ute, the 3a open reading frames (ORFs) were exchanged
between B3M1 and B3M2. Plasmid pB3TP10, a derivative
of B3M1 with BamHI and BglII restriction sites flanking
the 3a ORF, has previously been constructed in our labo-
ratory (Pacha and Ahlquist, 1991). To facilitate 3a ORF
exchange, an equivalent derivative, pB3TC3, was con-
structed from B3M2 by site-directed mutagenesis (see
Materials and Methods). BamHI, BglII-cleaved 3a ORF
cassettes were then exchanged between pB3TP10 and
pB3TC3 to yield hybrids TC4 and TC5 (Fig. 1). TC5 bears
the 3a gene of B3M2, while the coat gene and all noncod-
ing sequences are derived from B3M1. TC4 is the recipro-
cal construct. RNA3 levels for these two hybrids in sys-
temically infected barley, unlike all the other hybrids
shown in Fig. 1, were reduced three- to fourfold com-
pared to B3M1 and B3M2 (Fig. 3). Since RNA3 levels are
equivalently reduced in barley infections with transcripts
FIG. 4. Nucleotide sequence differences between the 5* halves of from pB3TC3 (data not shown) or pB3TP10 (Mise et al.,
B3M1 and B3M2 and predicted amino acid differences between their 1993), the introduction of the BamHI and BglII sites ap-
encoded 3a proteins. (A) Schematic representation of RNA3 (2.1 kb), pears to cause this reduction. Although TC4 and TC5
with open boxes representing the 3a and coat open reading frames,
were similarly competent for infection of barley, they dif-and horizontal lines representing noncoding sequences. A bracket
fered in ability to infect cowpea. Following inoculationshows the 1.2-kb region sequenced, which extends from the first nucle-
otide of RNA3 up to a natural BglII site just 3* of the intercistronic with TC4, no viral RNAs could be detected in noninocu-
oligo(A) tract. Arrows denote the positions where the sequences of lated leaves (Fig. 1). A total of 33% of plants inoculated
B3M1 and B3M2 differ. The nucleotide position of each difference is with TC5, on the other hand, had detectable levels of
shown, followed first by the B3M1 base and then the B3M2 base. Aster-
viral RNA in noninoculated leaves (Fig. 1). Thus, transfer-isks denote positions where the nucleotide differences are predicted
ring the BMV-M2 3a gene into BMV-M1 yields a virusto lead to differences in the amino acid sequence of the 3a protein.
(B) Comparison of the amino acid sequences of the BMV-M1 and BMV- that is able to systemically infect TVu-612 cowpea, while
M2 3a proteins at the four positions where BMV-M1 and BMV-M2 are transferring the BMV-M1 3a gene into B3M2 yields a hy-
predicted to differ. The corresponding amino acids in the 3a protein of brid RNA3 that can no longer support cowpea infection.
cowpea-adapted CCMV (amino acid positions 59, 81, 296, and 298,
respectively, following the alignment presented in Allison et al., 1989)
are also shown. Four coding changes in the BMV 3a gene are
sufficient to allow systemic infection of TVu-612
cowpeaB3M1, all of which were point substitutions (Fig. 4A). One
difference was found in the 5* noncoding region, eight
The ability of TC5 to support systemic infection of cow-were detected in the 3a gene, and four were observed
pea, despite its reduced titer in barley, suggested thatin the intercistronic region. Four of the eight differences
most or all of the ability to infect cowpea segregates within the 3a gene, at nucleotide positions 266, 332, 980, and
one or more of the eight nucleotide differences in the986, are predicted to lead to differences in the sequence
3a cell-to-cell movement gene rather than with the fiveof the 3a protein, at amino acid residues 59, 81, 297, and
nucleotide changes in the noncoding regions. To further299 (Fig. 4B). The cDNA clones defining B3M1 and B3M2
test this possibility, and to determine whether the fourwere also found to differ in the length of their intercis-
coding differences in the 3a protein in particular mighttronic oligo(A) tracts. This tract is 18 bases in length for
account for the expanded M2 host range, WD33 wasB3M1 and 21 bases for B3M2. This is not surprising, as
constructed (see Fig. 1 and Materials and Methods).the length of the oligo(A) tract in RNA3 is heterogenous
WD33 differs from B3M1 only at nucleotide positions 266,in wild-type populations, and the tract lengths for B3M1
332, 980, and 986, bearing the B3M2 base at each posi-and B3M2 are within previously described length distribu-
tion, so that WD33 encodes the 3a protein of BMV-M2tions for BMV (Ahlquist et al., 1981).
instead of the 3a protein of BMV-M1.
Differences in the 3a movement gene influence WD33 induced systemic symptoms indistinguishable
infection of cowpea from B3M2, and dot-blot analysis revealed that WD33
spread to noninoculated leaves in 66% of cowpea plants,To determine whether some or all of the eight differ-
ences in the 3a cell-to-cell movement gene were respon- comparable to the 56% infected by B3M2, while the aver-
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age viral titer in WD33 systemically infected plants was port infection of cowpea. WD35 titer was also lower than
that of WD33 (Fig. 1).nearly three times that of B3M2. Thus, four coding differ-
ences in the 3a cell-to-cell movement gene are sufficient TC8 differs from B3M1 at bases 980 and 986 and was
constructed to test whether the two closely spacedto account for the differences between B3M1 and B3M2 in
supporting systemic infection of cowpea. amino acid differences at the C-terminus of the 3a protein
contribute to infection of cowpea, while WD32 differs
from B3M1 at nucleotides 266 and 332 and was con-No single 3a amino acid change is sufficient for
structed to determine if the two N-terminal changes ininfection of cowpea
the 3a protein influence host range. TC8 supported infec-
tion in only 11% of inoculated cowpeas, and to a lowTo determine whether any single coding difference in
the 3a gene was sufficient to allow infection of TVu- relative titer (Fig. 1). WD32, however, supported moder-
ate-titer infections in 34% of inoculated cowpeas (Fig. 1),612 cowpea, single substitution derivatives WD30, WD31,
TC6, and TC7 were constructed (Fig. 1). These differ from clearly showing that the bases at positions 266 and 332
influence BMV host specificity. Nevertheless, becauseB3M1 at nucleotides 266, 332, 980, and 986, respectively,
having the corresponding B3M2 base at each position WD32 did not support systemic infection to the same
frequency as WD33, and because infections with WD32instead. As summarized in Fig. 1, none of the four deriva-
tives with a single base substitution could support sys- were characterized by a lower average titer than WD33
infections (Fig. 1), changes in addition to those at 266temic infection of cowpea at a significant frequency, al-
though over the course of these experiments WD30 and and 332 appear to be required to fully duplicate the ability
of WD33 to support infection in cowpea.TC6 each produced a low-titer infection in 1 of a total of
18 inoculated plants. These rare infections might have Two more RNA3 constructs, WD38 and WD39, were
made to determine if the introduction of an additionalresulted because additional required mutations were se-
lected from the initial inoculum, in either RNA3 or RNAs base change, either at position 980 or 986, to the partially
effective changes at positions 266 and 332 would allow1 or 2, or rather because of host or environmental varia-
tion, as found with BMV-M1/BMV-M2 pseudorecombi- for optimal infection of cowpea. Thus, WD38 differs from
B3M1 at nucleotide positions 266, 332, and 980 whilenants (see Introduction and De Jong and Ahlquist, 1995).
WD39 differs at positions 266, 332, and 986 (Fig. 1). As
summarized in Fig. 1, while triple-substitution derivativesChanges at 266 and 332 account for some but not all
WD38 and WD39 each directed more frequent infectionof the ability to influence infection of cowpea
than B3M1, neither could duplicate the frequency or aver-
age titer of infections supported by WD33. Curiously,Because none of the four coding substitutions in the
3a gene could significantly influence infection of cowpea WD38 and WD39 also did not duplicate the infection
frequencies of WD32, although WD32, WD38, and WD39when introduced individually into BMV-M1, we next
tested whether selected pairs of substitutions would all accumulated to similar levels in noninoculated leaves
of infected plants. Thus, all four coding changes in theallow for infection (constructs WD35, TC8, and WD32;
Fig. 1). 3a gene may contribute to optimal support of systemic
infection in cowpea.Cowpea chlorotic mottle virus (CCMV) is the closest
known relative of BMV and, like BMV-M2, can systemi-
cally infect cowpea line TVu-612 (De Jong and Ahlquist, Segregation of differences in local lesion size and
1995). The 3a proteins of BMV and CCMV share extended relation to systemic spread
sequence similarity, with 52% of the amino acids identical
between the two viruses (Allison et al., 1989). RNA3 con- As described above, BMV-M1 and B1 / B2 / B3M2
differed in the types of local lesions that they inducedstruct WD35 was constructed to determine if the ability
to infect cowpea segregates with the differences in B3M2 on inoculated TVu-612 cowpea leaves. BMV-M1 elicited
red, slowly expanding lesions that were 1 to 2 mm inthat make BMV 3a more like CCMV 3a (Fig. 4B). WD35
carries B3M2 nucleotides at bases 266 and 986 and B3M1 diameter 8 days postinoculation (dpi), while B1 / B2 /
B3M2 generated lesions 3 to 4 mm in diameter by 8 dpinucleotides at bases 332 and 980, so that the 3a protein
encoded by WD35 is more closely related to the 3a pro- that were initially chlorotic but eventually developed red
borders. The differences between these two lesion typestein of CCMV (in terms of primary sequence) than any of
the other wild-type or hybrid RNA3s shown in Fig. 1. segregated in a complex fashion in the RNA3 hybrids
(Fig. 1). Inoculations with B1 / B2 and WD4 or TC4WD35 supported systemic infection at frequencies (14%;
Fig. 1) greater than B3M1 (0%), but much less than WD33 induced no visible lesions at all on TVu-612, even though
WD4 and TC4 supported systemic infection in barley (Fig.(66%), so that while these nucleotide changes have a
small effect, they are not sufficient to duplicate the ability 3). TVu-612 inoculations with B1 / B2 and WD31, TC6,
or TC7 all elicited lesions indistinguishable from thoseof the quadruple-point-substitution mutant, WD33, to sup-
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of BMV-M1, while inoculations with B1 / B2 and WD6,
WD33, or WD38 all induced lesions that expanded at a
rate similar to B3M2 lesions, although the lesions were
colored similar to those of BMV-M1. Inoculations with B1
/ B2 and TC5, WD30, WD32, WD35, TC8, or WD39 elic-
ited lesions that were intermediate in size to B3M1 and
B3M2 lesions. For TC5, the lesions were chlorotic and
had red centers, unlike B3M1 or B3M2, while for WD30,
WD32, WD35, TC8, and WD39 lesion coloration was simi-
lar to that of B3M1.
FIG. 5. Time course of viral RNA accumulation in inoculated cowpeaIn general, with the exception of WD38, the rates of
leaves. Primary leaves of 11-day-old TVu-612 seedlings were inocu-
lesion expansion and the frequency of systemic infection lated with buffer (mock) or with transcripts of B1 and B2 and the RNA3
were correlated. WD6 and WD33, for example, directed derivative indicated above each set of lanes. Total nucleic acids were
extracted at 0, 2, 4, 6, or 8 days postinoculation as shown, with sixboth rapid lesion expansion and high frequencies of sys-
leaves pooled for each extraction to minimize any possible fluctuationtemic infection, while WD31 and TC6 induced slowly ex-
due to variation in inoculation efficiency. Samples were then processedpanding lesions and only infrequently supported sys-
as described in the legend to Fig. 2. Each lane represents total nucleic
temic infection of TVu-612 cowpea. This correlation sug- acids from 3.75 mg of cowpea tissue. Note that no sample is shown
gested that the rate of local spread might influence the for WD33 at 8 days postinoculation, because many inoculated leaves
had consistently shrivelled and fallen from WD33-inoculated plants byoutcome of systemic infection. However, symptom local-
this time. The positions of BMV genomic RNAs 1, 2, and 3 and subgeno-ization does not necessarily reflect the spread of infec-
mic RNA4 are shown to the left.tion, and so we also examined the rate of spread more
directly.
ences in spread. As shown in Fig. 6, at 7 days after
3a coding changes alter early local spread inoculation viral RNAs in leaves inoculated with B3M2 and
WD33 were found in larger foci than those in leaves
Two approaches were employed to examine the rate inoculated with B3M1. By 7 days, viral RNA in B3M2 and
of local spread without relying on symptoms. First, the WD33 infections had also extensively invaded several
accumulation of viral RNAs in cowpea leaves inoculated veins. Viral RNA in BMV-M1-inoculated leaves was occa-
with B1 and B2 and B3M1, B3M2, or WD33 was monitored sionally detected in association with veins, as well, but
over time, and second, the distribution of RNAs in simi- the extent of invasion was never as great as for B3M2
larly inoculated leaves was examined by press-blotting and WD33. Thus, as suggested by differences in local
(Mansky et al., 1990). This technique, which involves im- lesion size and corroborated by Northern and press-blot-
printing a leaf against a membrane under high pressure ting results, differences in the 3a movement protein (or
and then probing the membrane for viral sequences, re- gene) are associated with differences in the rate of BMV
veals the pattern of viral spread. infection spread in inoculated cowpea leaves.
As shown in Fig. 5, viral RNAs in B3M1-inoculated
leaves continued to increase slowly up to 8 dpi, the last
DISCUSSIONtime point examined. Viral RNAs in B3M2 infections also
increased during this time period, but at reproducibly Coding changes in the 3a movement gene influence
higher levels than B3M1 from 4 dpi onward, while WD33 BMV host range
infections accumulated viral RNA at rates even faster
than B3M2. At 6 dpi, for example, viral RNA accumulation Although most known systemic hosts of BMV are
grasses like barley, the recently described, novel BMVin WD33-inoculated leaves was 3 to 5 times greater than
in B3M2-inoculated leaves, while viral RNA accumulation M2 strain also can infect a legume, cowpea line TVu-
612 (Valverde, 1987). In an initial analysis to determinein B3M2-inoculated leaves was 1.5 to 5 times greater than
in B3M1-inoculated leaves. No viral RNA is shown in Fig. how this new strain of BMV differs from typical strains
of BMV, we reported that much of the ability of BMV-M25 for WD33 at 8 dpi because many inoculated leaves had
consistently shrivelled and fallen from WD33-inoculated to infect TVu-612 cowpea segregates with RNA3 (De Jong
and Ahlquist, 1995).plants by this time. Because viral RNA accumulation per
infected cowpea cell was nearly constant among these To further analyze the role of RNA3 in host specificity,
we have now constructed a series of hybrids betweenconstructs in the protoplast experiments (Fig. 2), these
results suggested that infections directed by B3M2 and the RNA3s of BMV-M1 and BMV-M2. All of these RNA3
hybrids were amplified well in cowpea protoplast infec-WD33 were spreading to infect new cells at a faster rate
than infections with B3M1. Press-blotting confirmed that tions (Fig. 2) and supported normal systemic infection in
the permissive host barley (Fig. 3). However, only hybridsthe differences in RNA accumulation reflected differ-
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in which all or part of the 3a cell-to-cell movement gene fitness to infect cowpea. Overall, the findings presented
here demonstrate that the BMV 3a cell-to-cell movementwas from BMV-M2 could support systemic infection in
cowpea. The M1 and M2 movement genes differ at eight gene is involved in one or more crucial host interactions
and that a small number of coding changes in this genenucleotide positions, four of which lead to amino acid
differences in the 3a movement protein (Fig. 4). When can be sufficient to dramatically alter or extend viral host
range. The small number of changes needed for BMVintroduced into B3M1, these four coding changes were
sufficient to reproduce the full ability of B3M2 to support 3a protein adaptation to cowpea suggests that the host
component(s) with which 3a interacts is relatively con-systemic infection of TVu-612 (WD33; Fig. 1). However,
no single coding change was sufficient to support high- served between barley and cowpea.
Analyzing the level (Fig. 5) and spatial distribution (Fig.frequency systemic infection of TVu-612 and, as dis-
cussed below, tests of various combinations of these 6) of viral RNA accumulation in inoculated leaves showed
that infections supported by B3M2 or quadruple-substitu-substitutions indicate that all four can influence BMV
tion derivative WD33 spread more quickly than infections
supported by wt B3M1. The correlation of rapid early
spread with the same four M2 coding changes that deter-
mine host range suggests that the rate of local spread
may be an important factor in determining the success
of BMV systemic infection. The rate of local spread could
be important if BMV needs to outrun host defenses or,
conceivably, if BMV requires interaction with a develop-
mentally regulated host state or component that exists
for a limited time in inoculated or uninoculated leaves.
The difference at nucleotide 266 alone (3a amino acid
59) appears to account for some of the difference in
the rate of spread, as inoculations with construct WD30
elicited local lesions that expanded more quickly than
wt B3M1 lesions (Fig. 1). WD30 lesions were still smaller
than those supported by WD33, however, so that addi-
tional 3a change(s) apparently also contribute to de-
termining the rate of spread.
Our findings on the importance of the 3a gene as a
determinant of extended host specificity complement and
extend recent results with a hybrid virus constructed by
replacing the 3a gene of CCMV with the 3a gene of BMV-
M1. Although this hybrid systemically infected Nicotiana
benthamiana, a host common to BMV and CCMV, it lost
the ability of its primary parent, CCMV, to systemically
infect cowpea (Mise et al., 1993). Just as reported here
for B3M1 vs WD33 or B3M2 (Figs. 5 and 6), the block to
systemic infection by the CCMV(BMV 3a) hybrid occurred
after initial cell-to-cell spread and suggested that suc-
cessful systemic spread might depend on the relative
rates of infection spread vs host defense induction (Mise
and Ahlquist, 1995). The results of Mise et al. (1993) were
also consistent with our finding that relatively few amino
acid changes are necessary to allow BMV 3a to support
FIG. 6. Press-blots of inoculated cowpea leaves showing differences infection of cowpea, as pseudorevertants competent for
in extent of viral spread 7 days postinoculation. The upper epidermis
systemic infection of cowpea were recovered with signifi-of primary leaves of 12-day-old cowpea line TVu-612 seedlings was
cant frequency from cowpea plants inoculated with theinoculated with buffer (mock) or with transcripts of B1 and B2 and the
RNA3s indicated to the left. Seven days after inoculation the lower CCMV(BMV 3a) hybrid virus.
epidermis was peeled from the inoculated leaves and then leaf con-
How do 3a gene substitutions affect infection spreadtents were transferred to a nylon membrane (see Materials and Meth-
ods). BMV RNAs were detected on the membranes by hybridizing to and host range?
an 35S-labeled transcript complementary to the approximately 200 con-
As all four RNA3 nucleotide changes implicated inserved bases at the 3* end of all BMV RNAs. All autoradiographs shown
were obtained by exposure of blots for 3 days. TVu-612 systemic infection give rise to amino acid differ-
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